Monoclonal antibodies (mAbs) have long provided powerful research tools for virologists to understand the mechanisms of virus entry into host cells and of antiviral immunity. Even so, commercial development of human (or humanized) mAbs for the prophylaxis, preemptive and acute treatment of viral infections has been slow. This is surprising, as new antibody discovery tools have increased the speed and precision with which potent neutralizing human antiviral mAbs can be identified. As longstanding barriers to antiviral mAb development, such as antigenic variability of circulating viral strains and the ability of viruses to undergo neutralization escape, are being overcome, deeper insight into the mechanisms of mAb action and engineering of effector functions are also improving the efficacy of antiviral mAbs. These successes, in both industrial and academic laboratories, coupled with ongoing changes in the biomedical and regulatory environments, herald an era when the commercial development of human antiviral mAb therapies will likely surge.
In the 1890s, pioneering studies from the laboratory of Robert Koch demonstrated that administration of sheep antiserum against diphtheria toxin to a girl dying from diphtheria led to her rapid recovery within hours, and ultimate survival 1 . As early as 1907, sera from individuals recovering from rubeola (measles) was used to prevent infection from this highly contagious virus 2 . Since then, the strategy of administering sera from survivors of various viral epidemics for the treatment of acute cytopathic viral disease has been widely practiced ( Table 1) . During the 1940s, improvements in the quality of fractionated human immunoglobulin led to the widespread use of intramuscular injections of pooled human immunoglobulin to prevent and treat viral infections, such as rubella and hepatitis A, with better protection and less severe reactions than sera. By the early 1980s, several immunoglobulin G (IgG) preparations were licensed for intravenous use to prevent and treat viral diseases, permitting as much as 10-to 20-fold increases in the amounts of immunoglobulin administered 3 . Many of these products are still on the market today and include generic pooled human IgG for prevention of measles and hepatitis A, as well as hyperimmune human IgG preparations against cytomegalovirus (CMV), respiratory syncytial virus (RSV), hepatitis B virus (HBV), hepatitis C virus (HCV), rabies, vaccinia, varicella-zoster virus (VZV) and West Nile virus (WNV) (Box 1 and Table 2 ).
As polyclonal antibody responses are generated against numerous epitopes on different viral antigens during infection, serum-derived polyclonal antibody preparations contain a large and diverse population of antibodies, which include neutralizing antibodies (nAbs) against multiple epitopes. Different nAbs within these polyclonal antibody preparations can bind to these distinct epitopes and provide strong antiviral activity due to additive or even synergistic effects on neutralization. However, a disadvantage associated with polyclonal antibody products is that the vast majority of their constituent virus-specific antibodies are non-neutralizing; some of them are directed against epitopes on native viral surface proteins for which antibody binding does not interfere with viral infection, whereas others are directed against internal, denatured or incompletely translated/assembled proteins released from infected cells. Non-native viral surface proteins or misfolded proteins that are incorporated onto the virus or shed into the circulation can also elicit non-neutralizing antibodies. Other disadvantages of using polyclonal antibody products from immune serum include batch-to-batch variation and risk of pathogen transmission.
Several excellent reviews on passive antibody therapies for infectious diseases are available [3] [4] [5] . This article focuses on recent advances in human mAb engineering that have enabled isolation and characterization of potent human antiviral antibodies at unprecedented speed. We also describe how the perceived limitations of antiviral mAb therapies resulting from antigenic variability of circulating strains and the ability of viruses to undergo neutralization escape are being overcome. These advances-combined with a greater understanding of their antiviral mechanisms of action, Fc effector engineering and improved 'humanized' mouse models of infectious diseases-will accelerate translational research of candidate antiviral mAbs and foster a new era of passive immunotherapy.
Among these approaches are the display technologies in which different microorganisms-including phage, yeast, bacteria and viruses-are used to display repertoires of single-chain variable antibody fragments (scFvs), antigen-binding fragments (Fabs) or domain antibodies (Dabs) on their surfaces, from where they can be enriched and isolated through iterative cycles of panning (Fig. 1a) 6, 7 . Other display technologies, including ribosome and mammalian cell display, have also been reported 7, 8 . Although phage display-based selections are currently used most often for development of human mAbs, these selection methods are often complementary, as fundamental selection biases are difficult to control during panning. For example, a recent study demonstrated that an HIV-1 immune scFv library displayed on yeast was more fully expressed than on phage and selected not only all of the scFvs identified by phage but also twice as many novel antibodies 9 . The common observation that different nAbs can be identified using different display technologies suggests that antibody folding efficiency, post-translational modification and epitope accessibility may all influence the outcome of selection. In addition, the method of presentation of antigen as bait for panning may affect the number and distribution of available neutralizing epitopes. Purified envelope glycoproteins in either monomeric or oligomeric forms and viral particles are two types of antigen that are commonly used as bait for panning.
Other technologies, such as human immunoglobulin transgenic mice, have been used for the generation of human mAbs against severe acute respiratory syndrome coronavirus (SARS-CoV) and rabies [10] [11] [12] (Fig.   1b) . This technique involves cloning human mAb-expressing B cells isolated from immunized transgenic mice in which a human miniimmunoglobulin gene locus has been knocked-in to replace the mouse immunoglobulin gene locus. As the immune response in transgenic mice is sometimes less robust than in strains that are used to generate mouse mAbs, more immunizations or antibody screens are often required. Another technique involves the use of human memory B-cells as a source of human mAbs 13 (Fig. 1c) . Memory B-cells are obtained from the blood of an individual recovering from a virus infection. These cells are then transformed with Epstein-Barr virus (EBV) in the presence of polyclonal memory B-cell-activating agents, such as irradiated mononuclear cells and CpG oligonucleotides, which are TLR4 (Tolllike receptor 4) ligands that greatly increase transformation efficiency 14 , thereby obviating the need for a fusion step to generate hybrid cells, as in the hybridoma technique. Memory B-cells isolated from the blood of individuals who have recovered from SARS-CoV and H5N1 avian influenza infections have been immortalized using this method to produce nAbs against these viruses 14, 15 .
In addition to isolation and screening technologies, increased access to different immune repertoires will likely increase the rescue of therapeutic antibodies that make only a minor contribution to a typical antibody response. For example, memory B-cell libraries may provide a richer source of antibodies against viral pathogens than using bone marrow aspirates and peripheral blood B-cells for constructing both non-immune and immune libraries 16 . Lastly, 'humanization' of murine mAbs -the oldest tool for generating therapeutic human mAbs-is still used, particularly when the murine mAbs have been extensively characterized and have desirable antiviral properties and/or superior fully human mAbs are hard to obtain. By grafting complementarity determining region (CDR) residues together with minimal key framework residues from variable regions of a rodent donor mAb onto acceptor human antibody frameworks, humanization allows the binding affinity and specificity of the parental mAb to be retained with reduced risk of immunogenicity (Fig. 1d) . This viable approach is the classic and simplest strategy of humanization among many other available strategies, such as grafting specificity determining residues 17 and is supported by advances in genetic engineering and three-dimensional modeling of protein structures. The fact that nearly half of all US Food and Drug Administration (FDA)-approved therapeutic mAbs are humanized antibodies testifies to their safety and tolerance by humans.
Mechanisms and models of virus neutralization
Viral neutralization-the ability of an antibody to bind to and inactivate virus-is tested in vitro under defined experimental conditions. Most nAbs identified in this manner also protect animals in vivo, although host protection is complex and involves the interaction of antibodies with cells and molecules of the innate immune system 18 . Therefore, a better understanding of viral neutralization mechanisms will definitely enrich the antiviral strategies under development (the reader is referred to several excellent reviews on viral neutralization mechanisms and models, which are described only briefly below [18] [19] [20] [21] [22] [23] ).
Viruses can be categorized as enveloped or non-enveloped according to whether they possess a lipid membrane. Although their entry mechanisms differ, both enveloped and non-enveloped viruses share the same main steps of virus entry, beginning with attachment to cellsurface receptors and ending with delivery of the viral genetic material into the cytoplasm 24 . Fusion of viral and cellular membranes is a basic entry mode for enveloped viruses (influenza virus and HIV-1 have been extensively studied 25 ), whereas non-enveloped viruses penetrate cells either by lysing a membrane or by creating a pore-like structure in a membrane. Although the mechanisms for membrane penetration of non-enveloped viruses are poorly understood, conformational changes
Box 1 Immunoglobulin subclasses and oligosaccharide modifications
Differences in the amino acid sequences of different subclasses of IgG (IgG1 to IgG4 in humans) can affect their binding affinity for different classes of activating (proinflammatory) or inhibitory (anti-inflammatory) Fcγ receptors 88 . Likewise, differences in the sequences of attached oligosaccharides may be critical for antibody function with the removal of terminal sialic acid resulting in increased anti-inflammatory activity 89, 90 . Refinements of commercial immunoglobulin preparations with regard to IgG subclasses and oligosaccharide content may result in polyclonal immunoglobulin products with improved antiviral activity. in the viral entry proteins are important for both enveloped and nonenveloped viruses to enter into cells. The triggers for conformational changes include receptor binding, receptor/coreceptor binding, and exposure to the low pH within the endocytic pathway 26, 27 . MAbs can inhibit viral infection by several different mechanisms in parallel with the steps viruses take to enter into cells (Fig. 2) . They can directly block virus attachment to target cells by interfering with virusreceptor interactions (Fig. 2a) , such as for nAbs against the CD4-binding site on HIV-1 gp120 (ref. 22) , the receptor-binding site of influenza hemagglutinin 28 or the receptor binding domain of SARS-CoV (Tables  3 and 4) . This same goal can also be achieved by directing the antibodies to the virus receptor and/or coreceptor, as exemplified by anti-CD4 and/or anti-CCR5/CXCR4 (CC-motif receptor 5/CXC-motif receptor 4) mAbs, respectively, under development for the prophylaxis and treatment of HIV-1/AIDS ( Fig. 2b and Table 3 Katie Ris-Vicari viral proteins triggered by the low pH in the endosome to activate viral and endosomal membrane fusion, mAbs may block conformational changes and/or the requisite interactions between the viral and endosomal membranes required for fusion (Fig. 2c) . As an example, some anti-hemagglutinin mAbs that lack hemagglutinin inhibition activity (by blocking receptor binding) neutralize infectivity of influenza virus by interfering with the low pH-induced conformational change in the hemagglutinin molecule, resulting in the inhibition of fusion during viral replication 29, 30 . MAbs can also block fusion at the cell membrane at the post-binding/pre-fusion stage (Fig. 2d) . For some viruses, binding to a receptor or both receptor and coreceptor serves as an attachment point as well as a trigger of conformational changes that allow membrane fusion. For example, the interaction of HIV-1 gp120 with CD4 triggers conformational changes in the envelope, resulting in exposure of a transient binding site for coreceptor CCR5 or CXCR4; this in turn promotes additional conformational changes in gp41 that allow it to insert its fusion peptide into the target cell membrane to initiate membrane fusion and viral entry into host cells. MAbs against the external proximal membrane region of gp41 can interfere with conformational changes needed for membrane fusion [31] [32] [33] . Inhibition of the release of progeny virus is another mechanism of action; for example, mAbs to influenza A virion surface neuraminidase prevent the release of virions from the infected cell surface 34 (Fig. 2e) . Several models for the neutralization of various viruses by antibodies have been proposed [18] [19] [20] [21] [22] [23] . One is the simple 'occupancy or coating' model that has generally corroborated a multi-hit neutralization hypothesis and is sometimes referred to as the 'multi-hit' model 19, 35 . According to this model, neutralization occurs when a sufficient number of available and functional proteins on the virion are occupied by antibody, leading to inhibition of viral attachment or interference with the fusion process. It is supported by neutralization studies of various viruses, which show a linear relationship between virus size and the number of antibodies required for neutralization 21 . A recent study dissecting the stoichiometry of antibody neutralization of WNV showed that at lower occupancy, antibodydependent enhancement (ADE; Box 2) of virus infection dominated, whereas at higher concentrations, neutralization ensued. This study also supports the occupancy model by showing that the cumulative functional outcome is determined by the interplay between antibody affinity and epitope accessibility 36, 37 .
Another proposed model of neutralization is 'the critical binding site' model. According to this model, antibody coating of the virion alone is not the only requisite for neutralization; certain binding sites are critical for neutralization, whereas others are not. This model is compatible with both a single-or multi-hit theory of neutralization. It should be noted, however, that considerable disagreement in the area remains; there is no commonality that can be applied to all virus-antibody E x t r a c e ll u la r I n t r a c e ll u la r Katie Ris-Vicari neutralizing interactions. Despite this, predictions from these models could lead to a better design of therapeutic antibodies. For example, the occupancy model predicts that larger virions or those possessing more available epitopes will require more bound antibodies to neutralize them. More importantly, a higher affinity antibody will neutralize with greater efficacy. Regardless of the mechanism, the best strategy is to develop potent nAbs with ultra-high binding affinity that target the most critical neutralization site. The hierarchy of which neutralization site(s) to target can be determined by analyzing epitope accessibility and number, ease of neutralization escape and variability of circulating strains.
Immune system-mediated clearance of viruses and infected cells As natural products of the immune system, antibodies can interact with other immune cells and proteins to fulfill antiviral functions. Numerous immune-mediated mechanisms of virus clearance have been described 23, 38 . For example, the Fc region can mediate complement binding to and deposition on free virions, which can cause a direct virotoxic effect or inhibit virus binding to cells (Fig. 3) . Fcγ and complement receptors can bind to antibody-and/or complement-coated virions, which leads to phagocytosis and subsequently inactivation of the virion in an intracellular compartment of the phagocyte. Antibody-dependent cell-mediated cytotoxicity (ADCC) by natural killer cells is another mechanism by which infected cells can be cleared. The relative contributions of these different immune-mediated clearance mechanisms have been studied in transgenic mice that lack complement or complement receptors 39 . A recent study demonstrated that the Fcγ receptor, but not complement binding, is important in antibody-mediated protection against HIV-1 in vivo 40 .
Finally, augmentation of immune responses is also a goal in the control of chronic viral infections. Molecules, such as glucocorticoid-induced tumor necrosis factor (TNF) receptor, which are expressed on subsets of T cells, including regulatory T cells and effector T cells, can suppress effector T cell-function in response to viral antigens. MAbs against glucocorticoid-induced TNF receptor blunt virus replication by blocking their inhibition of effector T-cell-function and/or decreasing the threshold of effector T cells that respond to viral antigens [41] [42] [43] . Likewise, recent studies have demonstrated that the pathway PD-1/PD-1L, which are members of the B7-CD28 family of inhibitory immunoregulatory molecules, plays a major role in regulating CD8 + T-cell exhaustion during chronic lymphocytic choriomeningitis virus (LCMV) and HIV-1 infection [44] [45] [46] [47] [48] . When antibodies were used to block this pathway in vivo during chronic LCMV infection, virus-specific CD8 + T-cell responses were enhanced 48 . Another inhibitory regulator in the B7-CD28 family, cytotoxic T lymphocyte antigen 4 (CTLA-4) is selectively upregulated in HIV-specific CD4 + T-cells and coexpressed with PD-1. The finding that anti-CTLA4 mAb blockade in vitro augmented HIV-specific CD4 + T-cell function suggests that mAbmediated immune modulation of this target may also provide a clinical benefit in individuals infected with HIV 49 . Despite the therapeutic potential of mAb-mediated augmentation of immune response for the control of chronic viral infection, it is worth noting that the recent tragic human trial of TGN1412, a mAb against human CD28, has highlighted potential risks associated with manipulation of immunological responses. More carefully planned preclinical studies in non-human primates are clearly required to identify potential problems and to prevent the premature testing of these potent mAbs in human studies 50, 51 . Table 3 summarizes the antiviral mAbs that are currently under clinical development and describes the technologies used to isolate them. The viruses are grouped as acute cytopathic, acute cytopathic/latent reactivation and chronic non-cytopathic 38 . Acute cytopathic viruses cause excessive damage in infected tissues and must be controlled rapidly for host survival. Herpes viruses remain latent after primary infection and reactivation can lead to acute cytopathic effects and tissue damage, particularly in immunocompromised individuals, and are thus characterized as 'acute cytopathic/latent reactivation' . Poorly or non-cytopathic viruses usually persist over a lifetime of the host. The first category is especially noteworthy because in 1998, the FDA approved the licensing of palivizumab (Synagis)-a neutralizing 'humanized' murine mAbfor the prevention of serious RSV pulmonary infections in high-risk pediatric individuals. Reports of the safety and efficacy of palivizumab in clinical trials involving infants with bronchopulmonary dysplasia, infants born prematurely (≤35 weeks gestational age) and children with a hemodynamically significant congenital heart disease were favorable 52 . This humanized murine mAb remains the only FDA-approved antiviral (and anti-infectious agent) antibody on the market. Motavizumab, a second generation ultra-high affinity mature variant of palivizumab, markedly reduced lung RSV titers of cotton rats and reduces RSV titers in the human upper respiratory track more effectively than its predecessor 53 . Compared with palivizumab, motavizumab has a 70-fold greater binding avidity for RSV F protein, with a sixfold faster association rate and an 11-fold slower dissociation rate. The improvement in potency of motavizumab is thought to be largely due to the fact that its association rate is faster than that of palivizumab 53 . A recent phase 3 placebo-controlled study showed that motavizumab reduced both RSV hospitalizations (83%) and lower respiratory infections requiring outpatient management (71%) 54 . Two other companies have anti-rabies mAbs in development for postexposure prophylaxis against infection, one of which has entered phase 1 studies. Two other firms are conducting phase 1 studies with mAbs against WNV for the treatment of neurological disease; anti-SARS-CoV mAbs are in earlier stages of development ( Table 3) .
Commercial development of antiviral mAbs
Among the acute cytopathic/latent reactivation group, two mAbs are under commercial development for treating CMV disease. Phase 2 studies are underway for one of these antibodies for treating CMV retinitis in individuals infected with HIV-1 and CMV pneumonia in bone marrow transplantation-recipients. A mAb against the envelope glycoprotein III of VZV is also in preclinical development for the treatment of VZV disease. Rituximab, which is directed against CD20 and is approved by FDA for treating non-Hodgkin's lymphoma and rheumatoid arthritis, is in phase 2 studies for treating EBV-associated post-transplant lymphoproliferative disease with interstitial pneumonia.
Clinical development in the category of chronic, non-cytopathic viruses is more extensive and includes mAbs directed against HCV and HIV-1. The most clinically advanced is an anti-CD4 mAb, currently in phase 2 trials for the treatment of HIV-1 with optimized background therapy. Three other mAbs in development are directed against the HIV-1 coreceptor CCR5. The anti-CD4 and two of three anti-CCR5 mAbs are of the IgG4 subtype. As the Fc region of IgG4 interacts poorly with complement and Fcγ receptors expressed on immune cells, using IgG4 should allow the antibodies to act as HIV-1 receptor/coreceptor blocking agents without the elimination of the target cells by immunemediated clearance mechanisms. Another interesting mAb, under development for treatment of HCV and HIV-1 co-infection, is directed against anionic phospholipids, principally phosphatidylserine that becomes exposed on the surfaces of virus infected cells.
Human antiviral mAb research in academic laboratories
A vast effort, spanning >30 academic laboratories worldwide and involving >20 different viruses from at least 14 virus families, is underway to develop human antiviral mAbs (Table 4) . Notably, the majority of academic publications were reported since 2000. Most of this research, involving a broad range of screening and isolation technologies, is directed toward the isolation and characterization of nAbs against envelope proteins. The immune repertoires used to isolate the antibodies vary considerably. In many cases, these antibodies are being used as research tools to better understand mechanisms of virus entry and neutralization, but the studies also aim to identify and characterize neutralizing epitopes on these glycoproteins. Several laboratories have performed pre-clinical prophylaxis and post-viral challenge mAb protection studies in rodents, whereas similar pre-clinical studies with Ebola and HIV-1 involved non-human primates. Both sterile protection and virus infection with disease modification have been seen in the animals after virus challenge and treatment with high concentrations of administered antibodies 23 . Important mechanisms of disease pathogenesis are being uncovered by these efforts, as exemplified by the failure of a nAb to affect the course of Ebola virus infection in monkeys, in contrast to its protective effects in guinea pigs and potent neutralizing activity in vitro 55 . The results of neutralizing mAb studies are being used extensively to guide vaccine design, with particular effort directed toward HIV-1. These mAbs will likely fuel the clinical development pipeline as these research efforts continue.
Cocktails of mAbs
Numerous studies on HBV, RSV and other viruses have demonstrated synergistic and/or additive effects of combinations of two or more mAbs on virus neutralization 35 . Accordingly, one of the most exciting recent advancements in this field is in the development of mAb cocktails for the prophylaxis and treatment of viral infections. This addresses on several levels one of the major risks of targeting only one epitope on a viral pathogen through a single mAb. For example, the 'occupancy' model (multi-hit theory) of neutralization proposes that obtaining sufficient antibody density on the surface of a viral pathogen is the most critical factor-often more important than the epitope recognized-needed for viral neutralization and elimination 21 . This may not be possible in all cases when a single epitope is recognized, but can be achieved by having more than one epitope occupied on the virus surface. Equally important is that the target epitope may not be conserved on all strains of the pathogen; even if an epitope is conserved, selection pressure by the antibody may drive 'neutralization escape' of the virus through point mutations (Fig. 4) . A combination of two mAbs against two neutralizing epitopes (shown in Fig. 4 as non-overlapping) can cover that vast majority of circulating strains and prevent neutralization escape. The most clinically advanced mAbs in this area are those against rabies [56] [57] [58] (Box 3) . The fact that a phase 1 clinical trial is currently underway with this CR57/CR4098 mAb cocktail without prior clinical testing of each mAb separately underscores the FDA's recognition that mAb cocktails may provide equal or better antiviral activity than the equivalent available commercial immunoglobulin products derived from human hyperimmune serum 58 . Monoclonal antibody cocktails may also fill a needed gap in the global shortage of hyperimmune serum, whose supply and availability is sometimes limited. A technology to develop recombinant human polyclonal antibodies against viral pathogens has been reported that combines cloning of antibodies from single antigen-specific immune B-cells and site-specific integration into antibody-producing cells. This results in a more uniform master cell bank for manufacturing of polyclonal antibodies with defined specificity 35 .
Antiviral mAb therapies in biodefense and viral outbreak settings
A major advantage of antiviral mAb therapies is their long serum half-life, often ~21 days, which confers prolonged in vivo protection. Animal studies have demonstrated efficacy against infection and disease progression from a number of viral pathogens when a single dose of mAb has been given prophylactically or as early treatment after infection, respectively 14, 15, [59] [60] [61] [62] . A single-dose treatment strategy may be ideal for the prophylaxis or treatment of acute cytopathic respiratory virus infections, such as SARS-CoV, H5N1 avian influenza and even smallpox, provided that sufficient serum nAb levels can be achieved by intravenous, intramuscular or subcutaneous administration. Human antiviral mAb inhalation therapy is another intriguing possibility. In several animal studies, the correlation between the prophylactically administrated mAb concentration in the serum and in vitro neutralization titer of the serum has been quantitatively measured (e.g., protection required a TCID 90 (90% tissue culture infective dose) in vitro neutralization titer at 1:400 dilution of serum 23, 63 ). This type of quantitative analysis could be established in phase 1/2 studies for each therapeutic antiviral mAb.
The first consideration in using antiviral mAb immunotherapy in an outbreak setting is to determine whether the circulating virus is sensitive to neutralization by the mAb(s) at hand. An approach proposed by our laboratory in response to a potential future SARS outbreak involves obtaining an early biological specimen from a suspected case (e.g., nasalpharyngeal aspirate or respiratory secretions) and then rapidly performing PCR amplification and DNA sequencing of the viral protein gene segment that encodes the mAb epitope. These data would then be compared against a pre-constructed sensitivity/resistance map of the mAb based on analyses of naturally occurring as well as focused or random mutagenesis of amino acids within the epitope and in vitro neutralization studies of mutant viral protein pseudotyped reporter viruses 64 . In this way, guided antiviral mAb passive immunotherapy could be instituted with a more realistic expectation of clinical efficacy. Furthermore, in a respiratory virus outbreak setting, preventative strategies could be stratified according to high-risk exposure, such as prioritizing treatment of family members, health-care workers and first responders. The goal here would be to provide immediate protection, so that even in virus-infected individuals, additional time could be obtained to mount an effective native antiviral immune response and/or to administer antiviral drugs that inhibit virus replication at the post-entry phase. Immunocompromised individuals, the elderly and individuals with comorbid medical risk factors for serious disease-all of whom may have weakened immune systems-are also likely to be good candidates for passive immunotherapy. Epidemic control strategies, including 'passive' ring immunization, could be applied to decrease transmissibility and reduce contacts 65, 66 .
Perspective
Although the past century witnessed tremendous progress in the development of polyclonal antiviral immunotherapies, the pace of antiviral mAb discovery has never been greater. These advances are fueled by new antibody screening and isolation technologies, a better understanding of how to construct and use non-immune and immune antibody repertoires, and growing interest in virology. The emergence of new viral pathogens has also kept the field ablaze, in part because the globalization Box 2 Antibody-dependent enhancement ADE is a mechanism by which virus-specific antibodies enhance viral entry into-and in some cases, replication in-monocytes/macrophages and granulocytic cells through interaction with Fcγ and/or complement receptors. ADE has been demonstrated in vitro using anti-dengue and anti-WNV antibodies and cells bearing Fcγ receptors, as well as in monkeys infused with anti-dengue antibodies 36, 75, [91] [92] [93] . ADE is the proposed mechanism responsible for Dengue hemorrhagic fever and Dengue shock syndrome, two clinical conditions that are frequently seen in patients infected with a second heterotropic infection or in infants with maternally transferred anti-Dengue antibodies. Infection with Dengue virus or any other flavivirus induces broadly cross-reactive, but weakly neutralizing as well as non-neutralizing antibodies 94, 95 . ADE occurs when the concentration of neutralizing antibody falls below the stoichiometric threshold for neutralization and becomes sub-neutralizing. These preexisting sub-neutralizing (and non-neutralizing) antibodies and the infecting Dengue virus form complexes that bind to Fcγ receptorbearing cells, leading to increased virus uptake and replication 36,37,75 . of world travel has increased the risk for rapid transmission and dissemination of new viral diseases. There is also a growing realization that for some viral pathogens, optimal disease prevention and management may not be achieved through traditional vaccination of the population at risk, but rather through instituting local, regional and international public health-care measures early to prevent and contain the infections, as was successfully demonstrated in the case of SARS 67 . In situations where the frequency of viral infection is low, protection could be provided by passive immunotherapy during the period of high-risk exposure, avoiding the potential side effects of vaccination that can cause untoward morbidity and even rare mortality, as exemplified by yellow fever vaccine-associated viscerotropic disease 68 . Moreover, for some antiviral vaccines, high titers of broadly neutralizing antibodies are either not elicited, or their titers wane over time. In either case, the nAb titers may not be protective at the time of viral challenge, which may occur years after vaccination. Another possible risk is ADE for vaccines against viruses for which enhanced disease-associated clinical syndromes have been demonstrated and/or postulated to occur when antibody titers fall below their neutralization threshold (Box 2). In other cases, dominant antibody responses may be stronger against the vaccine strain than a secondary viral challenge stain, a phenomenon known as 'original antigenic sin' 69 . In all of the above examples, the use of short-term passive immunotherapy where high titer of nAbs can be readily achieved may provide some tangible advantages over vaccination.
The paramount importance of technological improvements to the development of antiviral mAb therapeutics cannot be understated. Antibody-envelope cocrystallographic studies have provided important structural details at the atomic level that serve as a guide to understand mechanisms of neutralization and neutralization escape. When combined with genetic mutagenesis, in silico modeling of mAb binding can improve mAb affinity and neutralization activity. Other technological improvements on the horizon include the incorporation of neutralization assays earlier in the screening platforms, as well as broadening the specificity of an existing nAb to both prevent neutralization escape and generate broad cross-viral-strain neutralizing activities. Further improvement in antiviral activity will also be seen when modifications in Fc effector functions are introduced, such as through Fc and glycoengineering to improve FcRγ−binding and ADCC activity [70] [71] [72] [73] [74] . In certain viral illnesses, such as Dengue virus infection, altering the Fc region has been explored as a way to reduce or eliminate ADE 75 . The development of newer generations of humanized mice hosting Fcγ-expressing human immune cells will likely allow a better understanding of the complex role of Fc effector functions in viral clearance 76 . Whether Fab arm exchange of IgG4 subclass can be used to enhance the antiviral activity of mAbs in vivo through cross-linking of neutralizing epitopes and/or enabling the bi-specific targeting of viruses to immune effector cells should be explored 77, 78 .
A particularly exciting area currently being explored is the use of human antibodies against viral receptors and coreceptors, of which several have been recently discovered. These include transferrin receptor 1, a receptor for New World hemorrhagic fever arenaviruses, and claudin-1, a coreceptor for HCV 24, 79, 80 . The potential advantage of directly blocking the cellular receptor/coreceptor is that the mAb is more likely to block virus entry of genetically diverse circulating strains. For example, anti-TfR1 antibodies can block several different New World arenaviruses, and anti-CCR5 mAbs can block a broad range of R-tropic viruses expressing different envelope glycoproteins. Nevertheless,
Box 3 CR57 and CR4098 nAb cocktail against rabies
Although the epitope of CR57 is highly conserved and mutated in only 1% of natural rabies virus isolates, another human nAb CR4098 was developed to complement CR57. nAbs CR57 and CR4098 recognize distinct epitopes and complementarily neutralize their escape mutants. The global coverage of natural rabies virus isolates by the CR57 and CR4098 cocktail is demonstrated by a spectrum of in vitro neutralization studies. Escape viruses are no longer obtainable in vitro under the selective pressure of a CR57 and CR4098 cocktail. A Syrian hamster animal study showed the CR57 and CR4098 cocktail is a safe and efficacious alternative to hyperimmune rabies immunoglobulin in rabies post exposure prophylaxis 57 . can recognize the neutralizing epitope EI (nEI) and EII (nEII) on the circulating strain (row 1). The combination of nAb1 and nAb2 will provide broad neutralization activity and can prevent neutralization escape. A natural variant of nEII or neutralization escape mutant of nAb2 is still recognized by nAb1 (row 2) and nAb4. Likewise, a natural variant of nEI or neutralization escape mutant of nAb1 is still recognized by nAb2 (row 3) and nAb3. Both nAb3 and nAb4 are available and can be used to maintain two nAbs against circulating variant viruses. Only rarely would a combination of nAb3 and nAb4 be required (row 4).
Katie Ris-Vicari antibody blockade of cell surface receptors may pose unforeseen risks. For example, although CCR5 promotes leukocyte trafficking to the brain and improves survival following WNV infection, a deficiency in CCR5 increases the risk of symptomatic WNV infection 81, 82 . Despite this progress, several formidable challenges remain. Although there has been explosive growth in commercial exploitation of therapeutic antibodies 5, 6, 83 , their application in the prevention and/or treatment of infectious diseases and viral infections has lagged behind other disease-types 84 . Scientific challenges specific to the development of mAbs as anti-infectious agents, as well as clinical and market challenges have clearly tempered commercial interest in this area. Some of the potential commercial obstacles include the concern of antigenic escape and viral variability (which can now be managed by engineering higher-affinity mAbs and using mAb cocktails), the low prevalence of treatable viral diseases, a growing pipeline of small-molecule inhibitors of virus replication and competition with effective antiviral vaccines entering the market that could rapidly replace the need for passively infused mAbs. Another potential obstacle is the relatively short duration of viral illnesses, which makes them less attractive commercial targets than such diseases as cancer or chronic inflammatory or autoimmune diseases that require longer mAb treatment cycles. Even so, the prevalence of commercialized antiviral mAb treatments may increase if more potent mAbs with optimum effector capabilities to combat them are identified. In addition, it is likely that antiviral mAbs will not only be used on their own, but also with increasing frequency in combination with small-molecule drugs that inhibit post-entry steps of the virus life cycle. Combination therapy is certainly a commercial path being taken with antibodies that block HCV and HIV infection. Chronic monthly treatment with mAbs as part of a drug regimen would provide a strong incentive for participation of biopharmaceutical companies in development of antiviral mAb products. The abundance of antiviral mAbs in the pipeline, their established track record with manufacturing and clinical safety and the need for companies to compete in the marketplace all suggest that antibody drugs are likely to become an increasing part of any clinician's armamentarium.
Notwithstanding our sanguine view of the growth and potential of antiviral antibody therapeutics, this zeal must be tempered by the reality of the costs of intensive mAb production to an already overtaxed healthcare system. We have provided a strategic prophylaxis and treatment stratification plan on how passive immunotherapy could be used in a virus outbreak setting. The plan would substantially limit the number of doses that would need to be stockpiled. For other viral diseases, treatment stratifications will not be possible. However, costs of mAb production are decreasing and mAb manufacturing facilities with capabilities for large-scale production are on the rise. The productivity of mammalian cells cultivated in bioreactors is now one gram per liter and in several cases, a more than 100-fold improvement over titers for similar processes in the mid-1980s has been realized 85 . Newer methods of mAb manufacturing, which improve productivity through advances in DNA delivery and integration, host cell engineering, medium optimization, more efficient selection, gene amplification and cell-line screening systems will accelerate this trend. Plant biopharming of mAbs also offers promise in ensuring cheaper mass production of mAbs for global health-related viral diseases, such as rabies 86, 87 . Indeed, the vision of large-scale biopharming of antiviral mAbs in plants throughout the developing world could support growth in this vital area in more ways than one.
